Cholangiopathies are characterized by dysregulation of the balance between biliary growth and loss. We have shown that histamine (HA) stimulates biliary growth via autocrine mechanisms. To evaluate the paracrine effects of mast cell (MC) stabilization on biliary proliferation, sham or BDL rats were treated by IP-implanted osmotic pumps filled with saline or cromolyn sodium (24 mg/kg BW/day (inhibits MC histamine release)) for 1 week. Serum, liver blocks and cholangiocytes were collected. Histidine decarboxylase (HDC) expression was measured using real-time PCR in cholangiocytes. Intrahepatic bile duct mass (IBDM) was evaluated by IHC for CK-19. MC number was determined using toluidine blue staining and correlated to IBDM. Proliferation was evaluated by PCNA expression in liver sections and purified cholangiocytes. We assessed apoptosis using real-time PCR and IHC for BAX. Expression of MC stem factor receptor, c-kit, and the proteases chymase and tryptase were measured by real-time PCR. HA levels were measured in serum by EIA. In vitro, MCs and cholangiocytes were treated with 0.1% BSA (basal) or cromolyn (25 mM) for up to 48 h prior to assessing HDC expression, HA levels and chymase and tryptase expression. Supernatants from MCs treated with or without cromolyn were added to cholangiocytes before measuring (i) proliferation by MTT assays, (ii) HDC gene expression by real-time PCR and (iii) HA release by EIA. In vivo, cromolyn treatment decreased BDL-induced: (i) IBDM, MC number, and biliary proliferation; (ii) HDC and MC marker expression; and (iii) HA levels. Cromolyn treatment increased cholangiocyte apoptosis. In vitro, cromolyn decreased HA release and chymase and tryptase expression in MCs but not in cholangiocytes. Cromolyn-treated MC supernatants decreased biliary proliferation and HA release. These studies provide evidence that MC histamine is key to biliary proliferation and may be a therapeutic target for the treatment of cholangiopathies.
Cholangiopathies, such as primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC), are characterized by chronic inflammation 1 and either abnormal growth or loss of cholangiocytes, the cells lining the intra-and extra-hepatic ducts of the biliary tree. [2] [3] [4] If not treated properly these features can lead to bile duct cholestasis, a known precursor of hepatic failure, fibrosis and hyperplasia, which can then transform into cholangiocarcinoma. 1 Bile duct ligation (BDL), an experimental model of cholestasis, markedly alters the function of cholagiocytes, causing the proliferation of these otherwise dormant cells. 5, 6 We have demonstrated that after BDL there is an increase in biliary histamine secretion and proliferation, 7 suggesting an important autocrine regulation of histamine within cholangiocytes; however, the paracrine regulation (by mast cells) of biliary proliferation is yet to be determined.
Mast cells develop from the pluripotent progenitor cell lineage located in the bone marrow, circulate throughout the body as immature cells and mature once they arrive to their target tissue. 8 Upon maturation, mast cells release and express a wide variety of factors, including the stem cell factor receptor, c-kit 9, 10 and the proteases, chymase and tryptase. 11 It has been shown that mast cells can reside in a variety of tissues and organs, including cardiac tissue, 12,13 the gastrointestinal tract 14, 15 and the liver. 16, 17 Hepatic mast cell number increases with the progression of liver diseases, such as cirrhosis, fibrosis, hepatitis and cholangiopathies. [18] [19] [20] [21] Cromolyn sodium has been studied for its anti-asthmatic, anti-histamine and mast cell-stabilizing properties for the past 30 years. 22, 23 Although the mechanism of action is not completely known, it is thought that one potential way that cromolyn sodium inhibits the release of histamine from mast cells is by blocking calcium channels located on the surface of the mast cell. 24 The major aim of this work is to evaluate the potential paracrine role that mast cells and mast cell-derived histamine have on biliary proliferation.
MATERIALS AND METHODS
All reagents and kits were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise indicated. The antibodies used for immunohistochemistry and immunoblots were obtained from Santa Cruz Biotechnology (Santa Cruz, San Diego, CA, USA) unless specified otherwise. The commercially available kits for immunohistochemistry (IHC) were purchased from Vector Laboratories (Burlingame, CA, USA). Histamine EIA kits were purchased from Cayman Chemical (Ann Arbor, MI, USA). All primers and reagents for real-time PCR were purchased from SABiosciences (Fredrick, MD, USA).
In Vivo Models
Male Fisher 544 rats were subjected to sham or BDL 25, 26 and congruently implanted with IP osmotic pumps to deliver saline or cromolyn sodium (inhibits mast cell histamine release, 24 mg/kg BW/day 27 ) for 7 days before killing. Animals were housed at the Scott and White Hospital Animal Facility and given free access to drinking water and standard chow. All animals were kept in a temperature-controlled environment with a 12:12 light/dark cycle, and all protocols were strictly adhered to as set forth by the local IACUC committee.
From these animals, we collected serum, liver blocks (frozen and paraffin-embedded), and cholangiocytes. 25, 28 Virtually pure cholangiocytes (verified by g-glutamyltranspetidase histochemistry 29 ) were isolated as described by us 25,26 using a monoclonal antibody (a mouse IgG 2a , a gift from Dr R Faris, Brown University, Providence, RI, USA) against an unidentified antigen expressed by all rat cholangiocytes. Cell viability was evaluated using trypan blue.
Evaluation of Biliary Mass, Proliferation and Apoptosis
In sham-operated and BDL rats treated with saline or cromolyn sodium, we measured intrahepatic bile duct mass (IBDM) and cholangiocyte proliferation by (i) immunohistochemistry for CK-19 (a specific marker of cholangiocytes) and PCNA, respectively; 7, 28 (ii) real-time PCR for CK-19 and PCNA expression in total liver and isolated cholangiocytes; and (iii) PCNA expression by immunoblots in isolated cholangiocytes. Apoptosis was evaluated by realtime PCR for the apoptotic markers, BAX and pro-caspase 3, and the anti-apoptotic marker, Bcl-2, in RNA obtained from isolated cholangiocytes. 30 Immunohistochemistry was performed on liver sections obtained from the selected animal models. Liver sections (4-5 mm) were incubated with specific antibodies against PCNA, CK-19 or BAX (1:50 dilution) at 4 1C overnight. 26 Reactions were detected with the Vector Laboratories, DAB Kit (Burlingame, CA, USA). After staining, the slides were scanned at Â 20 magnification using the Leica SCN400 system (Leica Microsystems, Buffalo Grove, IL, USA), and pictures were obtained at Â 20 magnification using the Leica SCN400 Image Viewer software.
Real-time PCR was performed for CK-19, PCNA, Bcl-2, BAX and pro-caspase 3 in total liver or isolated cholangiocytes from all the groups using rat primers (SABiosciences), and a DDCT (delta delta threshold cycle) analysis was performed for real-time PCR as previously described. 31, 32 One microgram of total cellular RNA was used for all PCR reactions. In total liver RNA, CK-19 was utilized to determine the ratio of expression per cholangiocytes; all reactions were compared with glyceraldehyde-3-phosphate dehydrogenase to ensure proper loading. 33 Western blotting was performed in isolated cholangiocytes for PCNA expression with 20 mg of protein; b-actin was used as the housekeeping gene. 28, 34 Band intensity was determined on the Odyssey system from LI-COR Biosciences (Lincoln, NE, USA), Model no. 9120.
Evaluation of Hepatic Mast Cell Presence and Mast Cell Markers
To quantify the number of mast cells found in the liver, toluidine blue staining was performed on liver sections obtained from the animal models. 14, 35 Paraffin-embedded liver sections (4-5 mm) were fixed in 10% buffered formalin, deparaffinized and stained with toluidine blue working solution (pHB2.3). The working solution was made from a toluidine blue stock solution containing 1 g of Toluidine blue O (Sigma-Aldrich) and 100 ml of 70% isopropanol, mixed with 1% sodium chloride. After staining with the toluidine blue working solution, the slides were rinsed with distilled water, dehydrated with 95% and then 100% EtOH and cleared with xylene before being mounted with a resinous medium. After staining, the slides were scanned at Â 20 magnification using the Leica SCN400 system (Leica Microsystems, Buffalo Grove, IL, USA), and pictures were captured with the Leica SCN400 Image Viewer software. The number of hepatic mast cells was determined by manually counting the number of toluidine blue-positive cells in up to 10 random fields. Mast cell number was correlated to bile duct mass (percentage of CK-19-positive bile ducts), which was quantified using the Pearson's correlation coefficient (r) to determine the linear relationship between hepatic mast cell number and bile duct mass. The following scale was used to report the Pearson's correlation coefficient (r): high correlation (0.5 to 1.0), medium correlation ( À 0.3 to 0.5), and low correlation ( À 0.1 to À 0.3). 36 Mast cell markers were measured by real-time PCR in total liver. We evaluated the expression levels of stem cell factor receptor, c-kit and the mast cell proteases, chymase and tryptase. 9, 35, 37 Real-time PCR was performed as described above.
Evaluation of histidine decarboxylase (HDC) Expression and Histamine Secretion HDC expression was evaluated by real-time PCR in isolated cholangiocytes from all groups of animals as described above. Histamine secretion was measured in serum by commercially available histamine EIA kits (Cayman Chemical, Ann Arbor, MI, USA). 7, 32 In Vitro Analysis Cell culture In vitro, we utilized a mast cell line derived from fetal mouse liver (Amerian Type Culture Collection (ATCC), Manassas, VA, USA) and cultured murine cholangiocytes that were SV-40 transformed. 38 All cells were maintained according to previous protocols 39, 40 or ATCC recommendations. Prior to performing experimental analysis, the mast cell line was characterized by evaluating the expression of typical mast cell markers (HDC, MAO-B, chymase, tryptase and c-kit 9, 35, 37 ) by real-time PCR.
To determine whether the effects of cromolyn sodium were specific to mast cells, we treated cholangiocytes and mast cells with 0.1% BSA (basal) or cromolyn (25 mM) for up to 48 h prior to assessing HDC, chymase and tryptase expression, histamine secretion and biliary proliferation. Cholangiocyte apoptosis was measured after cromolyn sodium (25 mM) treatment by real-time PCR for BAX and pro-caspase 3. In separate experiments, supernatants from mast cells treated with or without cromolyn sodium (25 mM) were added to cholangiocyte cultures before measuring HDC expression by real-time PCR, histamine secretion by EIA and PCNA gene expression by real-time PCR.
Statistical Analysis
All data are expressed as mean ± s.e.m. Differences between groups were analyzed by Student's unpaired t-test when two groups were analyzed and ANOVA when more than two groups were analyzed, followed by an appropriate post hoc test.
RESULTS

Treatment with Cromolyn Sodium Decreases BDLInduced IBDM and Biliary Proliferation
As we have previously shown, 25 after BDL there is a marked increase in intrahepatic biliary mass and cholangiocyte proliferation compared with sham-operated rats. Following treatment with cromolyn sodium, IBDM was significantly decreased as shown by immunohistochemistry (quantified in the bottom left panel) and real-time PCR for CK-19 ( Figure 1) . Similarly, treatment with cromolyn sodium for 1 week significantly decreased cholangiocyte proliferation when compared with BDL alone as shown by the decrease in (i) the number of PCNA-positive cholangiocytes; (ii) gene expression shown by real-time PCR; and (iii) protein expression shown by immunoblotting analysis (Figure 2 ). Intracellular cAMP signaling is a functional marker of cholangiocyte proliferation; 41, 42 we found that, in cholangiocytes isolated from cromolyn sodium-treated BDL rats, basal cAMP levels were significantly decreased versus BDL cholangiocytes (0.398 ± 0.042 pmol/1 Â 10 6 cells (BDL) vs 0.216 ± 0.029 pmol/1 Â 10 6 cells (BDL þ cromolyn)). In addition, we evaluated the effects of cromolyn sodium on Ca 2 þ signaling by measuring intracellular IP 3 levels and found that cromolyn sodium treatment decreased IP 3 levels compared with BDL (50.37 ± 12.112 nmol/1 Â 10 6 cells (BDL) vs 28.11 ± 6.933 nmol/ 1 Â 10 6 cells (BDL þ cromolyn)), although this was not a significant change.
Cromolyn sodium treatment increased biliary BDL-induced apoptosis as shown by real-time PCR and BAX IHC in Figure 3 . After BDL, BAX and pro-caspase 3 expression significantly increased compared with sham-operated rat cholangiocytes; these parameters were further increased in cholangiocytes from BDL þ cromolyn-treated rats as shown by real-time PCR (Figures 3a and b) . Conversely, Bcl-2 expression in cholangiocytes was unchanged after BDL when compared with sham-operated rats but was significantly decreased in cholangiocytes collected from BDL þ cromolyntreated rats as shown by real-time PCR (Figure 3c ). IHC for BAX reveals that the expression of BAX is increased in BDL liver sections primarily in cholangiocytes, and this was further enhanced in the sections from BDL þ cromolyn-treated rats (Figure 3d ).
Increased Hepatic Mast Cell Number Correlates with Increased Bile Duct Mass and Cromolyn Sodium Decreases Hepatic Mast Cell Number
By toluidine blue staining, the number of infiltrating hepatic mast cells increased after BDL by almost 10-fold when compared with sham-operated rat liver (Figure 4a ). Hepatic mast cells (red arrows) were found in close proximity to bile ducts (black arrows), and following treatment with cromolyn sodium, there was a marked decrease in the number of hepatic mast cells (Figure 4b ). Using Pearson's coefficient, we found that increased mast cell number positively correlates with increased bile duct mass (R ¼ 0.950) in BDL rats (Figure 4c ).
Inhibition of Mast Cell Histamine by Cromolyn Sodium Decreases the Expression of Hepatic c-Kit, Chymase and Tryptase
Using real-time PCR in total liver RNA, we found that the expression of c-kit, chymase and tryptase are all increased following BDL for 1 week ( Figure 5 ). These data are consistent with the increase of hepatic mast cell infiltration as seen in Figure 4 . In BDL rats treated with cromolyn sodium, there was a marked decrease in c-kit, chymase and tryptase expression ( Figure 5 ), which also correlates with the decrease in hepatic mast cell number.
Treatment with Cromolyn Sodium Decreases Biliary HDC Expression and Histamine Secretion
Similar to our previously published data in a mouse model, 7 we found that the expression of HDC was significantly increased in BDL rat cholangiocytes compared with shamoperated rats (Figure 6a ). HDC expression was markedly decreased in cholangiocytes from BDL þ cromolyn treatment compared with sham-operated and BDL cholangiocytes, suggesting that mast cell histamine influences biliary HDC levels via a paracrine interaction (Figure 6a ). Histamine secretion was measured in serum from normal, BDL and BDL þ cromolyn-treated rats. We found (similar to our previous studies in mice 7 ) that circulating histamine levels are increased in BDL rats compared with sham-operated rats, whereas treatment with cromolyn sodium significantly reduces the amount of circulating histamine compared with both sham-operated and BDL rat serum (Figure 6b ).
Treatment with Cromolyn Sodium In Vitro Decreases Mast Cell (i) HDC Expression, (ii) Histamine Release and (iii) Chymase and Tryptase Expression
Prior to performing in vitro studies, we characterized our cultured mast cell line by measuring typical markers of mast cells by real-time PCR, including: HDC, MAO-B (enzyme responsible for the breakdown of histamine 43 ), chymase, tryptase, and c-kit. We also evaluated the expression of CK-19 (the cholangiocyte-specific marker 25, 28 ) by real-time PCR. Our cultured mast cell line expressed high levels of HDC, MAO-B, chymase, tryptase and c-kit but had virtually no expression of CK-19 ( Figure 7) . We compared the results from the mast cells with our cultured mouse cholangiocytes that we verified expressed increased levels of CK-19.
To determine that cromolyn sodium treatment affects mast cells specifically, we treated mast cell lines with cromolyn (25 mM for up to 48 h) and measured HDC expression, histamine release and chymase and tryptase expression. As shown in Figure 8 , in mast cells treated with cromolyn sodium there was a significant reduction of HDC expression (Figure 8a ), histamine secretion (Figure 8b ) and chymase and tryptase expression (Figures 8c and d) .
To further determine whether cromolyn sodium directly affects cholangiocytes, we measured HDC, chymase and tryptase expression by real-time PCR, histamine secretion by EIA and proliferation by MTT assay in cholangiocytes treated with or without cromolyn sodium (25 mM). Further, we measured markers of apoptosis, including BAX and procaspase 3, by real-time PCR in cholangiocytes treated with or without cromolyn sodium (25 mM). We found that treatment with cromolyn sodium (24 and 48 h) did not significantly alter cholangiocyte: HDC, chymase and tryptase expression (Supplementary Figure S1A and B) , histamine secretion (Supplementary Figure S1C) , and proliferation (Supplementary Figure S1D ). Cromolyn sodium did not induce apoptosis in cultured cholangiocytes as shown by the results for pro-caspase 3 and BAX at both 24 and 48 h (Supplementary Figure S2 ). These data demonstrate that cromolyn sodium acts primarily on mast cells.
Inhibition of Mast Cell Histamine Decreases Biliary (i) HDC Expression, (ii) Histamine Secretion and (iii) Proliferation In Vitro
In our final experiments, we determined the effects of mast cell histamine on cholangiocyte proliferation in vitro. After treating mast cell lines with cromolyn sodium, we collected Histamine in biliary hyperplasia LL Kennedy et al the culture medium and stimulated our cholangiocyte cell line and measured HDC expression, histamine secretion and proliferation. In Figure 9 , when cholangiocytes were treated with basal-treated mast cell supernatants there was a significant increase in biliary (i) HDC expression shown by realtime PCR (Figure 9a ), (ii) histamine secretion (primarily released by mast cells) by EIA ( Figure 9b ) and (iii) proliferation as shown by PCNA gene expression (Figure 9c ). In contrast, when mast cells were pretreated with cromolyn sodium (24 and 48 h), these parameters were all downregulated compared with cholangiocytes treated with mast cell basal-treated supernatants.
DISCUSSION
Our study demonstrates that: (i) mast cells infiltrate the liver during BDL-induced liver damage; and (ii) the number of mast cells positively correlates with increased IBDM. Inhibition of mast cell-derived histamine (via cromolyn sodium treatment) decreases IBDM and biliary proliferation supporting the paracrine role that mast cells have on biliary disease. In total liver, the expression of mast cell markers was downregulated after treatment with cromolyn sodium. The fact that biliary HDC and histamine secretion was diminished supports the notion that mast cell histamine may aid in regulating biliary function. In vitro, we demonstrated that cromolyn sodium acts on mast cells directly but not on cholangiocytes. These studies provide novel evidence to support the paracrine function that mast cells and mast cellderived histamine have during cholangiopathies and add to our previous findings of histamine-mediated autocrine regulation of biliary proliferation. Autocrine/paracrine regulation of biliary proliferation is highly complex and involves numerous factors, including vascular endothelial growth factor (VEGF), serotonin, secretin and histamine. 26, 34, 44, 45 After BDL, the biliary epithelium proliferates and cholangiocytes secrete abundant amounts of these neuroendocrine factors to support the increased demands of the proliferating biliary tree. 26, 34, 44 We have previously shown that (i) histamine treatment increases normal rat cholangiocyte proliferation; 28 and (ii) after BDL, Histamine in biliary hyperplasia LL Kennedy et al histamine levels are increased in both serum and cholangiocyte supernatant. 7 Autocrine regulation by histamine has been demonstrated in both biliary hyperplasia and neoplasia, as evidenced by our finding that inhibition of HDC decreases biliary growth. 7, 32 Our current studies demonstrate for the first time that a paracrine mechanism (modulated by factors released by mast cells) that regulates biliary proliferation also exists. Few studies show the anti-proliferative effects of cromolyn sodium; however, in pancreatic cancer a PEGylated liposomal formulation of cromolyn was found to decrease proliferation both in vitro and in vivo. 46 Another study has shown that: (i) mast cells are present in human thyroid cancer; and (ii) treatment with cromolyn sodium decreased thyroid carcinoma growth and invasion potential, suggesting Histamine in biliary hyperplasia LL Kennedy et al that inhibition of mast cell histamine blocks tumor growth. 47 Herein, we found that treatment with cromolyn sodium decreased IBDM, proliferation and intracellular cAMP levels (but not significantly altering IP 3 levels, suggesting that cromolyn sodium may regulate its effects via cAMP-dependent signaling specifically targeting large cholangiocytes, which are the primary cells that proliferate following BDL 4 ), thereby increasing cholangiocyte apoptosis in vivo. These findings are likely linked directly to the effects of cromolyn sodium on mast cells as our study revealed that, in vitro, cromolyn sodium had no direct effect on cholangiocyte proliferation or apoptosis. Besides their interaction with cholangiocytes, mast cells are likely to influence other cell types in the liver, including hepatic stellate cells (HSCs) and hepatocytes, as the presence of mast cells is increased in diseases targeting these cell types. [48] [49] [50] Our present study focused primarily on the paracrine influence induced by mast cells on cholangiocytes; however, in data not shown here, we found that the proliferative response of hepatocytes was decreased in BDL þ cromolyn sodium-treated rats compared with BDL alone, and HSC activation is diminished after BDL þ cromolyn sodium treatment, suggesting that mast cell stabilization can also influence other liver cell types in vivo.
Mast cells are found in almost all tissues in relatively low numbers. 35, 51 In the liver, mast cells infiltrate after damage or during disease progression. Histological analysis has demonstrated that mast cells are present in cirrhosis, fibrosis, hepatitis and cholangiopathies. 18, 49, 50 Mast cells are found in various areas of the liver depending upon the etiology. For example, and in support of our current findings, in both PSC and PBC, mast cells are found surrounding damaged bile ducts, portal triads and portal tracts. 50, 52 In hepatic fibrosis and hepatitis, mast cells are located near hepatic sinusoids and HSCs. 49 We found that mast cells were primarily adjacent to bile ducts, and as IBDM increased, hepatic mast cell numbers increased as shown by the positive correlation. In our study, we found that treatment with cromolyn sodium decreased mast cell number, which was likely a consequence of the decrease in IBDM.
Circulating histamine levels are increased in patients with PBC and PSC 53 and in the cholestatic BDL model; 7 however, the source of increased histamine is not known. We have previously shown that cholangiocytes synthesize and secrete histamine in response to damage such as BDL, and our current study reveals that, in animals treated with cromolyn sodium, there is a decreased level of circulating histamine indicating that mast cells also have a role in the production of histamine during liver BDL-induced cholestasis. To support our findings, it has been demonstrated that cromolyn sodium treatment inhibits plasma histamine release in a model of airway inflammation and thrombosis. 54 Our in vitro studies demonstrated that treatment with cromolyn sodium did not affect cholangiocyte histamine secretion, suggesting that the in vivo effects of histamine secretion are directly related to the inhibition of mast cell-derived histamine.
Mast cells express c-kit and the proteases, chymase and tryptase. 9, 37 In total liver, after BDL there was an increase in these markers, which correlates with the increase in the number of mast cells in the liver. In rats treated with cromolyn sodium, the expression of these markers was significantly downregulated. In a model of intestinalreperfusion, cromolyn sodium treatment decreased mast cell count and tryptase expression in intestinal tissues, 55 which further supports our findings. Although the exact mechanisms by which cromolyn sodium blocks histamine release are currently unknown, we speculate that one potential mechanism is by the direct inhibition of histamine synthesis. To support this, we found that, in our cultured mast cells, cromolyn sodium decreased HDC levels, which would suggest that cromolyn sodium directly interacts with and alters histamine synthesis; however, it is unclear via which mechanism this occurs. Further, we found in vitro that cromolyn sodium had no significant impact on cholangiocyte proliferation, HDC expression or histamine secretion indicating that the effects of cromolyn sodium might be attributed solely to mast cells.
Besides histamine, mast cells release numerous mediators that may influence biliary proliferation, including VEGF and serotonin. 26, 44, 45 These factors are known to regulate biliary proliferation by autocrine/paracrine mechanisms; however, our studies directly implicate histamine as a key contributor to biliary growth as cromolyn sodium is well known to inhibit histamine but not other mediators. 22 The actions of cromolyn sodium are not completely known, but the effect on blocking histamine release has been widely studied in allergy-mediated reactions or diseases. 56, 57 Further, in data not shown here, we found that cromolyn sodium treatment in vivo decreased biliary VEGF levels; however, when this assay was performed in vitro on cholangiocytes treated with cromolyn sodium, there was no change in biliary VEGF expression suggesting that cromolyn sodium may not interact with biliary function directly but via a paracrine interaction induced by mast cells. The biliary changes in VEGF levels in vivo are likely linked to the overall decrease in IBDM, reduced mast cell number and decreased cholangiocyte proliferation. Further studies are needed to determine the full effects of cromolyn sodium on biliary cells and other cell types within the liver parenchyma.
Our current study demonstrates that stabilization of mast cells reduces histamine release, which, in turn, decreases biliary proliferation; however, mast cells release other inflammatory mediators that can impact biliary proliferation. 9, 14 Preliminary data from our lab demonstrates that treatment with cromolyn sodium in vivo also decreases the biliary expression of inflammatory cytokines such as interleukin-6 (IL-6) and IL-10 suggesting an important role for mast cells and mast cell-derived histamine during cholangiopathic-driven inflammation. The decrease in IL-6/ IL-10 is likely mediated by decreased mast cell histamine release as cromolyn sodium is a specific blocker of histamine and not other mediators that are released from mast cells. Further studies are warranted to fully understand the effects of mast cell stabilization during biliary diseases.
Clinically, inhibition of mast cell histamine may not only be a therapeutic target for cholangiopathies but may also alleviate symptoms that are typically associated with liver disease, including pruritus. 58 In support of this, it has been shown that in nephritic diseases exposure to cromolyn sodium decreases the incidences of pruritus. 59 Further, it has been shown that bile acids (that increase in content during liver disease) can regulate mast cell histamine release 60 and may also be a source of increased pruritus. 61, 62 This suggests that manipulation of mast cell histamine by cromolyn sodium or bile acid therapy might also be an option for patients suffering from cholangiopathies or other liver diseases.
We have demonstrated the novel finding that mast cellderived histamine induces a paracrine effect on biliary proliferation. Our studies reveal that (i) mast cells are present in the liver of BDL-induced cholestasis; (ii) inhibition of mast cell degranulation and histamine release decreases biliary proliferation and (iii) in vitro, cromolyn sodium has no direct effect on cholangiocytes (Figure 10 ). Therefore we conclude that histamine-induced biliary proliferation is regulated by both autocrine (by cholangiocytes) and paracrine (by mast cells) mechanisms.
